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 
Abstract—Confocal laser microscopy (CLM) is a powerful tool 
in life science research and industrial inspection, and its image 
acquisition rate is boosted by scan-less imaging techniques. 
However, the optical-intensity-based image contrast in CLM 
makes it difficult to visualize transparent non-fluorescent objects 
or reflective objects with nanometer unevenness. In this paper, we 
introduce an optical frequency comb (OFC) to scan-less CLM to 
give the optical-phase-based image contrast. One-dimensional 
(1D) image pixels of a sample are separately encoded onto OFC 
modes via 1D spectral encoding by using OFC as an optical carrier 
of amplitude and phase with a vast number of discrete frequency 
channels. Then, line-field confocal information of amplitude and 
phase are decoded from a mode-resolved OFC amplitude and 
phase spectra obtained by dual-comb spectroscopy. The proposed 
confocal phase imaging will further expand the application fields 
of CLM. 
Index Terms—Biomedical imaging, Optical microscopy, 
Optical interferometry. 
I. INTRODUCTION
PTICAL microscopy has been widely used as a 
powerful tool in life science research and industrial 
inspection. Therefore, the development of optical microscopy 
has been a principal driving force in these fields. Among 
various types of optical microscopy, confocal laser microscopy 
(CLM) [1,2] has attracted attention due to its two-dimensional 
(2D) or three-dimensional (3D) imaging capability with 
confocality, enabling a depth resolution of wavelength order 
and stray light elimination. Since the confocality is achieved by 
a conjugate relationship among a light-source pinhole, a focal 
point, and a detection pinhole, mechanical scanning of the focal 
spot is necessary to acquire the image. However, this 
mechanical scanning hampers the rapid image acquisition and 
the robustness to surrounding external disturbance, such as air 
turbulence or mechanical vibration. 
One promising approach to achieve confocal one-
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dimensional (1D) imaging without the need for mechanical 
scanning is a spectral encoding method, namely 1D-SE-CLM 
[3-5]. In 1D-SE-CLM, 1D image of a sample is encoded onto a 
broad optical spectrum based on the dimensional conversion 
between wavelength and space while giving the confocality, 
and then the sample image was decoded from the image-
encoded spectrum. Such 1D-SE-CLM enables the scan-less 
confocal 1D imaging with the rapid image acquisition rate and 
high robustness against external disturbances, of which the 
efficacy is confirmed in medical applications [6,7] and 
endoscopic applications [8,9]. In the conventional 1D-SE-CLM, 
the image contrast is obtained by the optical intensity, which is 
sensitive to absorption, scattering, or reflection of objects; 
however, it is difficult to give a high image contrast to 
transparent non-fluorescent objects or reflective objects with 
nanometer unevenness. If another image contrast sensitive to 
these objects is given in the scan-less CLM, its range of 
applications will be further expanded to imaging of living cells 
or nanometer topography of semiconductor objects. 
The use of optical phase is an interesting candidate for the 
new image contrast in scan-less CLM because it provides 
information on refractive index, optical thickness, or 
geometrical shape and hence visualizes transparent non-
fluorescent objects or reflective objects with nanometer 
unevenness. One possible method for the phase contrast is 
confocal phase-sensitive approach [10-12]. Since the 
interference occurs just only between a light that comes from 
the confocal volume and a parallel reference beam, each spatial 
mode can act as a virtual pinhole, enabling the confocal 
amplitude and phase imaging without the need for confocal 
pinholes. Its axial resolution was achieved to nanometer based 
on the optical phase. However, the mechanical scanning of a 
focal spot or a sample is still required to obtain the line image 
due to the point measurement. Another possible method is an 
interferometric confocal microscope using an array of vertical 
cavity surface emitting lasers (VCSELs) [13]. Although 
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confocal phase imaging could be achieved with an integration 
times of 100 μs, the lateral resolution is limited by an off-axis 
digital holography configuration. Differential confocal 
microscopy is a powerful tool for nanometer axial resolution 
and millisecond image acquisition in the confocal imaging by 
converting the signal intensity variation in a linear confocal 
slope into the height information [14-16]. However, this 
approach also needs mechanical scanning of a focal spot or a 
sample for line imaging; furthermore, it is difficult to apply to 
the non-fluorescent or transparent sample due to its intensity-
based contrast. 
Comparing those previous CLMs, 1D-SE-CLM is more 
promising approach for a variety of applications from the 
viewpoint of the non-scanning line imaging. A potential light 
source for the optical-phase-based contrast in 1D-SE-CLM is 
an optical frequency comb (OFC) [17-19]. OFC is composed of 
a vast number of discrete, regularly spaced optical frequency 
modes, and the optical frequency and phase of all OFC modes 
are secured to a frequency standard by its inherent mode-
locking nature and active laser control. Furthermore, current 
state-of-the-art dual-comb spectroscopy, namely DCS, enables 
us to rapidly, precisely, and accurately acquire the mode-
resolved OFC spectra of amplitude and phase without the need 
of any mechanical scanning [20-23]. Therefore, a combination 
of OFC with DCS gives the optical-phase-based image contrast 
to 1D-SE-CLM as well as the optical-intensity-based image 
contrast; we call it 1D spectrally encoded dual-comb 
microscopy or 1D-SE-DCM. In 1D-SE-DCM, after discretely 
encoding 1D image pixels of a sample on each OFC mode by a 
1D spectral disperser, 1D confocal images of amplitude and 
phase are respectively decoded from mode-resolved OFC 
spectra of amplitude and phase based on the one-to-one 
correspondence between image pixels and OFC modes. Since 
the hundreds to the several thousands of OFC modes are exist 
in the only 1 nm spectral range, sufficient number of OFC 
modes enables kilo-pixel 1D imaging even with narrow spectral 
bandwidth. Furthermore, the optical-phase-based image 
contrast provides information on refractive index, optical 
thickness, or geometrical shape, enabling us to visualize 
transparent non-fluorescent objects or reflective objects with 
nanometer unevenness unlike the conventional intensity-based 
measurement. In this paper, we demonstrated a proof-of-
principle experiment of scan-less, kilo-pixel, line-field confocal 
phase imaging by 1D-SE-DCM. 
II. PRINCIPLE 
Figure 1 shows a principle of operation. After passing 
through a light-source pinhole, each comb mode of an input 
OFC is linearly dispersed at different angles depending on the 
wavelength by a 1D spectral disperser, namely wavelength/1D-
space conversion. Then, spatially dispersed OFC modes are 
line-focused as a 1D array of focal spots onto a sample with an 
objective lens. Optical characteristics of a sample are encoded 
onto optical amplitude and phase of OFC modes when spatially 
dispersed OFC modes were reflected by a sample. Then, those 
OFC modes are spatially overlapped again by an inverse 
propagation of the same optics, namely 1D-space/wavelength 
inverse conversion. The confocality is imposed onto the image-
encoded OFC by passing through a detection pinhole. Since the 
mode-resolved OFC spectra of amplitude and phase reflect the 
1D distribution of optical characteristics in the sample, they 
were acquired by DCS. Finally, 1D images of amplitude and 
phase are respectively reconstructed from the mode-resolved 
OFC spectra of amplitude and phase based on the one-to-one 
correspondence between image pixels and OFC modes. 
III. EXPERIMENTAL SETUP 
Figure 2 shows a schematic diagram of the experimental 
setup. A femtosecond Er-fiber OFC laser (Menlo Systems, 
GmbH, Martinsried, Germany, FC1500-250, center wavelength 
λc = 1550 nm, spectral bandwidth Δλ = 70 nm, mean power P = 
330 mW, repetition frequency frep1 = 250,001,484 Hz, carrier-
envelope-offset frequency fceo1 = 20,000,000 Hz) was used as a 
signal OFC for 1D spectral encoding. frep1 and fceo1 were phase-
locked to a rubidium frequency standard (Stanford Research 
Systems, Inc., Sunnyvale, CA, USA, FS725, accuracy = 5 × 10-
11, instability = 2 × 10-11 at 1 s) by a laser control system. After 
passing through an optical bandpass filter (BPF1, passband = 
1538 – 1562 nm) and a beam splitter (BS), the signal OFC light 
(mean power P = 30 mW) was diffracted by a diffraction 
grating (G, Spectrogon AB, Täby, Sweden, PC 1200 30 × 30 × 
6, groove density: 1200 grooves/mm, efficiency: 90 %). The 
resulting 1D spectrograph of OFC modes was relayed and then 
focused onto the sample along the x-direction by a pair of lenses 
(Lens1 and Lens2, focal length: 150 mm) and the objective lens 
(dry, numerical aperture: 0.25, working distance: 5.5 mm, focal 
length: 16.6 mm). After the reflection by a sample, the signal 
OFC light inversely propagated the same optics for the spatial 
overlapping of each OFC mode, resulting in encoding of 1D 
image on the signal OFC spectrum. After reflecting by BS and 
 
Fig. 1.  Principle of operation of the proposed method. 
  
 
Fig. 2.  Experimental setup for scan-less confocal phase imaging.  
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passing through a detection pinhole (PH; diameter = 10 µm) 
equipped with a pair of lenses (Lens3 and Lens4; focal length = 
16.6 mm), the signal OFC light was fed into the DCS system. 
We used another femtosecond Er-fiber OFC laser (Menlo 
Systems, GmbH, Martinsried, Germany, FC1500-250, center 
wavelength = 1550 nm, spectral bandwidth Δλ = 70 nm, mean 
power P = 330 mW, frep2 = 249,998,918 Hz, ∆frep = frep1 - frep2 = 
2,666 Hz, fceo2 = 20,000,000 Hz) for a local OFC. frep2 and fceo2 
were phase-locked to the same frequency standard by another 
laser control system. After passing through another optical 
bandpass filter (BPF2, passband = 1538 – 1562 nm), the local 
OFC light was spatially overlapped with the signal OFC light 
by a polarization beam splitter (PBS1). The interferogram was 
detected by a combination of a half-wave plate (HWP), another 
polarization beam splitter (PBS2), and a balanced detector (BD, 
Newport Corp., Irvine, CA, USA, 1617-AC-FS, wavelength: 
900-1700 nm, bandwidth: 40 kHz to 800 MHz). We acquired 
10 consecutive interferograms with a time window of 40 ns at 
a sampling interval of 40 fs by a digitizer (Avaldata Corp., 
Tokyo, Japan, APX-500/ADM-214EX, sampling rate = 
250,000,000 samples/s, number of sampling points = 937,735, 
resolution = 14 bit). The mode-resolved amplitude and phase 
spectra of the signal OFC were obtained by Fourier transform 
of the acquired interferogram, and then were used to decode the 
1D amplitude and phase image of the sample. To obtain 2D 
image of the sample, the sample position was mechanically 
scanned along the y-direction perpendicular to 1D array of focal 
spots by a stepping-motor-driven translation stage. 
We used a commercialized 1951 USAF resolution test chart 
with a negative pattern (Edmond Optics, Inc., Barrington, NJ, 
USA, #38-256) for a sample. Negative patterns were fabricated 
by vacuum-depositing a durable chromium coating on a float 
glass substrate (thickness: 1.5 mm) as a reflective film. The 
chromium film caused the 2D distribution of both the 
reflectivity and the phase change corresponding to the chart 
patterns.  
IV. RESULTS 
A. Mode-resolved spectrum of amplitude and phase in 1D-
image-encoded OFC 
We first obtained the mode-resolved amplitude and phase 
spectra of the no-image-encoded OFC [Figs. 3(a) and 3(b)] and 
the image-encoded OFC [Figs. 3(c) and 3(d)] for the test chart. 
The no-image-encoded OFC and the image-encoded OFC were 
obtained by irradiating the signal OFC onto the no-pattern 
coating area and the pattern coating area of the test chart. To 
obtain sufficient SNR, we accumulated 5000 interferograms 
and then performed Fourier transform. Compared with the 
amplitude and phase spectra of the no-image-encoded OFC, 
those of the image-encoded OFC were significantly modulated. 
The unevenness of the spectral envelope in Figs. 3(c) and 3(d) 
reflects the 1D distribution of the reflectivity and phase change 
in the test chart, respectively. In this way, we obtained the 
mode-resolved spectrum of amplitude and phase in the 1D-
image-encoded OFC. 
 
Fig. 3. Mode-resolved (a) amplitude and (b) phase spectra of the no-image-
encoded OFC. Mode-resolved (c) amplitude and (d) phase spectra of the 
image-encoded OFC. 
 
Fig. 4. (a) 2D confocal amplitude image of a USAF resolution test chart at focus 
(z = 0 µm). (b) Differential curve for lateral profiles of amplitude value along 
(b) x coordinate and (c) y coordinate. (d) 2D confocal amplitude image of the 
test chart at out of focus (z = +120 µm). (e) Depth profiles of amplitude value 
with respect to the z position. 
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B. Confocal amplitude imaging 
To obtain 2D confocal amplitude image of the test chart, the 
sample position was scanned at an interval of 1 µm along the y-
direction while acquiring the mode-resolved amplitude 
spectrum. Then, a series of the mode-resolved amplitude 
spectra were used for 2D confocal amplitude imaging of the test 
chart. Figure 4(a) shows the confocal amplitude image of the 
test chart (image size = 456 µm  150 µm, pixel size = 5000 
pixels  150 pixels), in which the horizontal dimension was 
decoded from the OFC spectrum of about 10 nm spectral range 
whereas the vertical dimension was obtained by the mechanical 
scanning. Several test patterns with the spatial frequency of a 
few tens lp/µm was clearly confirmed. The horizontal scratch 
patterns were mainly due to the residual timing jitter between 
the signal and local OFC lasers. To evaluate the spatial 
resolution in x-y plane or the lateral resolution δx, δy, we 
extracted the amplitude profile along a green line and a blue line 
in Fig. 4(a). Plots and lines in Figs. 4(b) and 4(c) show 
differential curves of amplitude profiles for these lines and the 
curve fitting results with a Gaussian function, respectively. 
When the lateral resolution is defined as a FWHM of the 
differential curve, δx and δy were determined to be 4.9 ± 0.2 μm 
and 10.9 ± 1.7 μm, respectively. Since the field-of-view and the 
spatial resolution in x-direction were 456 µm and 4.9 µm, the 
effective number of resolvable points was determined to be 93 
points.  
To confirm the confocality in the confocal amplitude image, 
we set the test chart at out of focus (z = +120 µm). Figure 4(d) 
shows the corresponding confocal amplitude image. The 
pattern of the test chart completely disappeared, implying the 
good confocality in the proposed 1D-SE-DCM system. For the 
quantitative evaluation of confocality, we measured the change 
of amplitude value when the sample position was incrementally 
moved at a step of 2 µm along z axis by a translation stage. Plots 
and a line in Fig. 4(e) show the depth profiles of amplitude 
value and the curve fitting result with a Gaussian function, 
respectively. From this depth profile, the depth resolution δz 
was determined to be 50.0 µm. In this way, the confocal effect 
was clearly confirmed in the confocal amplitude image. 
C. Confocal phase imaging  
Next, we decoded a confocal phase image of the test chart 
from the mode-resolved phase spectrum of the image-encoded 
OFC. To eliminate the influence of the initial phase in the signal 
OFC, we subtracted the phase spectrum of the no-image-
encoded OFC from that of the image-encoded OFC. Figure 5(a) 
shows a confocal phase image of the test chart (image size = 
190 µm  100 µm, pixel size = 2084 pixels  100 pixels) when 
we set the chart in focus (z = 0 µm), and Fig.5(c) shows the 3D 
reconstructed image of Fig.5(a). For comparison, the 
corresponding confocal amplitude images is shown in Fig. 5(b). 
Test chart pattern clearly appeared in both images. However, 
the image contrast mechanism is different between them: the 
phase difference for the confocal phase image and the 
reflectivity difference for the confocal amplitude image 
between the patterned region and the surrounding region, which 
are corresponding to the reflection-coated region and the 
uncoated region, respectively. The mean phase difference 
between them was determined to be 0.57 ± 0.11 rad by 
subtracting the mean phase value at the coated area from that at 
the non-coated area. 
The confocal phase image in Fig. 5(a) enables us to calculate 
the thickness of the reflection-coating film. The relative height 









𝜙(𝑥, 𝑦)                   (1) 
where λ is a typical wavelength of OFC and Φ(x, y) is a confocal 
phase image. From the mean phase difference of 0.57 ± 0.11 
rad and λc of 1550 nm, the mean thickness of the reflection-
coating film was calculated to be 70.7 ± 13.3 nm. On the other 
hand, the specification value of the reflection-coating film is 
given to be around 100 nm. The reason for difference between 
the experimental value and the specification one is discussed 
later. 
V. DISCUSSION 
We first estimated the theoretical value for the lateral 
resolution δx, δy of the proposed 1D-SE-DCM. Theoretical δx 








                                      (3) 
where f is a focal length of OL (= 16.6 mm), W is a diameter of 
the input beam waist (= 8 mm), and NA is a numerical aperture 
of OL (= 0.25). From (2) and (3), theoretical δx and δx values 
were estimated to be 3.2 μm and 3.8 μm, respectively. On the 
other hand, experimental δx and δy values were 4.9 ± 0.2 μm and 
10.9 ± 1.7 μm, respectively. The beam shape was horizontally 
oval at the entrance pupil of the objective lens due to the 
reflection grating. While the x dimension of the horizontally 
oval shape just filled the entrance pupil of the objective lens, 
the y dimension of it did not fill it fully. Difference of effective 
NA between the x and y directions is the reason for the large 
difference of δy between the experimental and the theoretical 
 
Fig. 5. (a) 2D confocal phase image of a USAF resolution test chart at focus 
(z = 0 µm) and (b) the corresponding 2D confocal amplitude image. (c) 3D 
reconstructed image of the test chart calculated from the confocal phase image. 
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values. The better spatial resolution will be achieved for 
biomedical investigation and application if a higher-NA 
objective lens can be used. For example, theoretical δx and δy 
values are estimated to be 0.64 µm and 0.74 µm by use of an 
water-immersion, high-NA objective lens (NA = 1.27, f = 3.33 
mm). 
We also estimated the theoretical value for the depth 
resolution δz. Theoretical δz value is given by [2,24] 
𝛿𝑧 = 0.88
𝜆
𝑛 − √𝑛2 − 𝑁𝐴2
                             (4) 
where n is the reflective index of the medium between the 
objective lens and the sample (= 1). From (4), δz was estimated 
to be 43.0 μm by using NA of 0.25. This theoretical value was 
in good agreement with the experimental δz value (= 50 µm). 
The present experimental δz value is simply limited by use of 
low-NA objective lens. The simple way to improve the axial 
resolution is use of high-NA objective lens. For example, if a 
water-immersion, high-NA objective lens (NA = 1.27, n = 1.33) 
is used, the axial resolution of 1.46 µm can be achieved. Also, 
the confocal gating is another way to improve the axial 
resolution [10-13]; only the light that comes from the multiple 
focal points of the signal OFC is interfered with a properly 
collimated light of the local OFC. No use of the confocal 
pinhole will increase both the SNR and the depth of focus. 
We next discuss the difference between the experimental 
value (= 70.7 ± 13.3 nm) and the specification one (≈ 100 nm) 
of the reflection-coating film thickness in the test chart. When 
the surface unevenness is made in the same material, the phase 
difference is directly related to the geometrical shape. However, 
if the surface unevenness is made by different materials, the 
phase difference depends on the geometrical shape and 
difference of complex refractive index between different 
materials. Since the surface unevenness of the test chart was 
made by the coating film and the float glass substrate, it is 
corresponding the latter. When the light is normally incident on 
a sample, the phase shift θ of the reflected light is derived from 





𝑛 + 𝑖𝜅 − 1
𝑛 + 𝑖𝜅 + 1
≡ √𝑅𝑒𝑖𝜃                     (5) 
𝑅 = |
√ 𝑟 − 1




(1 − 𝑛)2 + 𝜅2
(1 + 𝑛)2 + 𝜅2
                     (6) 
𝜃 = tan−1
−2𝜅
𝑛2 + 𝜅2 − 1
                                  (7) 
where ?̂? is the Fresnel coefficient, N is the complex refractive 
index, n and κ are the real and imaginary part of the complex 
refractive index, R is the reflectivity, and εr is the dielectric 
constant. By substituting the complex refractive indices of the 
chromium (n =4.18, κ = 4.90) [25] and the float glass (n = 1.51, 
κ = 0) [27] into those equations, difference of complex 
refractive index between the coating film and the float glass 
substrate results in the phase shift of -0.24 rad at the reflection. 
By correcting (1) with this phase shift, the final thickness of the 
reflection-coating film was determined to be 100.3 ± 13.3 nm, 
which was in good agreement with its specification value. This 
consistency clearly indicated a high potential of 1D-SE-DCM 
for nanometer surface topography.  
It is important to clarify difference between the present 1D-
SE-DCM and the previous 1D-SE-CLM [3,4]. One important 
advantage of the present 1D-SE-DCM is the optical-phase-
based image contrast although the scan-less confocal imaging 
can be achieved in both the 1D-SE-DCM and previous 1D-SE-
CLM. Importance and usefulness of the optical-phase-based 
image contrast were described in the introduction and were 
demonstrated in the nanometer surface topography of the test 
chart. More interestingly, if δz is achieved to the phase wrapping 
period ( or  /2), the phase wrapping ambiguity, which is 
always an obstacle in phase imaging, can essentially be solved 
because the confocality suppresses the phase wrapping due to 
its depth selectivity. Fortunately, there is still sufficient space 
to decrease δz down to sub-micrometer by use of an oil-
immersion high-NA objective lens. In this case, the 
combination of confocality and phase imaging, namely 
confocal phase imaging, will enhance the axial range from 
nanometer to micrometer to millimeter scale in surface 
topographic applications or will make it possible to visualize 
thick biological specimens, which introduce phase shifts of 
more than 2𝜋, without the phase wrapping ambiguity. 
Another advantage is a large number of pixels in the 1D 
image along the spectral-encoding coordinate or the x 
coordinate. Since the signal OFC had a spectral bandwidth ∆ 
of 1.25 THz around 192 THz, corresponding to 10.1 nm and 
1550 nm in wavelength, and frep of 250 MHz, the number of 
pixels was achieved to 5000. On the other hand, when the 
similar ∆ was used for 1D-SE-CLM equipped with a 
commercialized optical spectrum analyzer (namely, OSA-
based 1D-SE-CLM, spectral resolution ≈ 0.05 nm or 6.24 GHz), 
the number of pixels remained around 200. If a dispersive 
Fourier transform (parallel detection channels = 8, sampling 
rate of a digitizer = 50×109 sample/s) is applied for 1D-SE-
CLM, namely dFT-based 1D-SE-CLM [4,24], the number of 
pixels is increased up to 1600; however, it still falls short of that 
in 1D-SE-DCM. If 1D-SE-DCM is combined with the precise 
scanning of line focused beam along the y-direction, high-
definition (HD) or mega-pixel 2D confocal imaging of 
amplitude and phase will be achieved. Also, the proposed 1D-
SE-DCM has still room to increase the number of pixels up to 
several tens thousands by expanding ∆ and/or decreasing frep. 
Huge number of pixels enables us to expand the scan-less 
confocal amplitude and phase imaging to 2D imaging [28] by 
help of 2D spectral encoding [5,29,30]. 
One may query whether the kilo-pixel is required for 1D 
imaging because the present system could not optimize 5000 
pixels due to its limited effective number of resolvable points 
(= 93). It is challenging to achieve more than 1,000 resolvable 
points for a commercially available microscopy objective lens. 
However, a combination of 8K ultra-high-definition camera 
with a spinning disk enables to image a 1 mm2 field with a 
lateral resolution of 0.68 µm, corresponding to 1470 resolvable 
points [31]. Using this combination, individual activity of a 
single synapse was clearly visualized from the wide-field 
calcium imaging. Such kilo-pixel by kilo-pixel pixel wide-field 
imaging will be a powerful tool for biomedical imaging in the 
future. However, the dynamic range of signal intensity is 
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limited to 10 bit while the wide-filed imaging was performed at 
a frame rate of 60 fps. On the other hand, the 1D-SE-DCM has 
a potential to expand the dynamic range by use of a wide-
dynamic-range photodetector while maintaining the similar 
pixels numbers. 
Finally, we compare the 1D-image acquisition rate among 
1D-SE-DCM, OSA-based 1D-SE-CLM, and dFT-based 1D-
SE-CLM. The image acquisition rate in 1D-SE-DCM is limited 
by the measurement rate of DCS, which is equal to ∆frep (= 
2,666 Hz), and the number of signal accumulation. In the 
demonstration of this article, sufficient number of signal 
accumulation (≈ 5000) leads to relatively slow acquisition rate 
(= 0.53 line/s). However, there is still space to increase the 
imaging speed up to ∆frep without the need for the signal 
accumulation by using tightly-locked dual-comb sources [28]. 
Furthermore, the optical amplification of the image-encoded 
OFC by an erbium-doped fiber amplifier (EDFA) will benefit 
high SNR in such a single-shot measurement. The image 
acquisition rate in OSA-based 1D-SE-CLM is limited to around 
a few tens Hz due to the mechanical scanning of a diffraction 
grating in OSA. A combination of superluminecent diodes 
(SLD) with a fast spectrometer can further boost the image 
acquisition rate in 1D-SE-CLM up to hundreds of kHz or even 
over 1 MHz. However, if a sample has wavelength-dependent 
absorption, the broad spectrum of SLD may suffer from such 
absorption. Also, chromatic aberration of the objective lens is 
another problem. On the other hand, high spectral resolution of 
the 1D-SE-DCM enables the sufficient number of pixel even 
though a broadband light source with narrower spectral 
bandwidth is used. Use of such light source will reduce 
influence of the wavelength-dependent absorption and/or the 
chromatic aberration. dFT-based 1D-SE-CLM can boost the 
image acquisition rate up to frep (typically, a few MHz to several 
tens MHz) thanks to the time-stretch approach. In this way, the 
acquisition rate in 1D-SE-DCM is higher than that in OSA-
based 1D-SE-CLM, although it could not reach that of a dFT-
based 1D-SE-CLM.  However, in actual fact, the maximum 
acquisition speed is often limited by the signal level from the 
sample under maximum allowable illumination power. 
VI. CONCLUSIONS 
We successfully introduce a new image contrast based on the 
optical phase to scan-less CLM by use of the 1D-image-
encoding OFC with DCS. Confocal 1D images of amplitude 
and phase in the sample were simultaneously decoded from the 
mode-resolved spectra of amplitude and phase in the 1D-image-
encoding OFC. Nanometer surface topography of the test chart 
was demonstrated with high precision. If the image quality and 
image acquisition rate are further improved by reduction of the 
timing jitter between dual OFC lasers as well as optimization of 
∆, frep, and ∆frep, the proposed method will be a powerful tool 
in a variety of applications. Potential applications of the 
proposed method include the surface topography of 
semiconductor objects and non-staining 3D imaging of living 
cells and tissues. 
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